The involvement of moesin in measles virus (MV) entry was investigated with moesin-positive and -negative mouse embryonic stem (ES) cells. MV infection of these cells was very ineffective and was independent of moesin expression. Furthermore, when these cells were transfected to express human CD46, a 100-fold increase in syncytium formation was observed with these cells and was independent of the expression of moesin. The only obvious difference between moesin-positive and -negative ES cells was the shape of the syncytia formed. Moesin-negative ES cells expressing or not expressing human CD46 formed separate pieces of fragmented syncytia which were torn apart during spreading, whereas ES cells expressing moesin exhibited typical syncytia. In addition, moesin was not detected on the surface of any murine cells or cell lines that we have tested by a flow cytometric assay with moesin-specific antibodies. These findings indicate that murine moesin is neither a receptor nor a CD46 coreceptor for MV entry into mouse ES cells. Moesin is involved in actin filament-plasma membrane interactions as a cross-linker, and it affects only the spreading and shape of MVmediated syncytia. CD46 (7, 10, 31, 33, 34) and moesin (11, 37) have been suggested to be implicated in measles virus (MV) entry. These two molecules are expressed on most human cells, consistent with the wide tissue tropism of MV. CHO cells, otherwise nonpermissive to MV, efficiently form syncytia on transfection with CD46 cDNA (10, 15). Rabbit anti-human CD46 antibody (Ab) and monoclonal Abs (MAbs) against human CD46 recognizing SCR2 block MV-mediated syncytium formation (16, 29, 40) . Deglycosylation studies also support the importance of the sugars in SCR2 for MV infection (28). These results unequivocally indicate that CD46 serves as a receptor for MV. Since CD46 plays a primary role in the protection of host cells from homologous complement (20), it encompasses receptors for the complement system and viral infection.
CD46 (7, 10, 31, 33, 34) and moesin (11, 37) have been suggested to be implicated in measles virus (MV) entry. These two molecules are expressed on most human cells, consistent with the wide tissue tropism of MV. CHO cells, otherwise nonpermissive to MV, efficiently form syncytia on transfection with CD46 cDNA (10, 15) . Rabbit anti-human CD46 antibody (Ab) and monoclonal Abs (MAbs) against human CD46 recognizing SCR2 block MV-mediated syncytium formation (16, 29, 40) . Deglycosylation studies also support the importance of the sugars in SCR2 for MV infection (28) . These results unequivocally indicate that CD46 serves as a receptor for MV. Since CD46 plays a primary role in the protection of host cells from homologous complement (20) , it encompasses receptors for the complement system and viral infection.
Evidence supporting the role of moesin as a receptor for MV, on the other hand, seems to remain inconclusive. Moesin is a member of the ezrin-radixin-moesin family of proteins, which sustain cell surface molecules and the cytoskeleton (1, 2, 5, 24, 36, (44) (45) (46) . Moesin is widely distributed as an essential intracellular element in cells of various species. It was reported that a MAb against a human astrocytoma cell line (U-251), named 119, inhibited MV infection and recognized a 75-kDa protein, which was identified as moesin (11) . This result was confirmed with other MAbs against moesin and various cell lines of human, monkey, and murine origin (37) . Indeed, murine cells with no detectable CD46 homolog were permissive to MV, although far less so than human cells (10, 12, 33, 48) , and transfection of human CD46 conferred higher susceptibility to MV (10, 33, 48) . These studies indicated that some murine cell lines that can be readily infected with MV must express receptor molecules other than CD46, and moesin is a candidate for such an alternative receptor molecule (6, 11, 12, 37) . No structural homolog of CD46 has been found in these murine cell lines, and CRRY, a murine functional but not structural homolog of CD46 (14, 19, 25) in terms of complement regulation, is not involved in the entry of MV (12) . Further supporting this issue is the fact that murine moesin is 98.3% identical to human moesin at the amino acid level (36) , reasonably serving as a functional homolog (19, 25) , while murine CRRY is Ͻ40% homologous to human CD46 (14, 25) .
However, Ab blocking studies are sometimes difficult to interpret. In fact, Devaux and Gerlier (8) recently suggested that the cross-reactivity of antimoesin Abs with CD46 might explain the inhibitory effects of these Abs on MV entry. If this is the case, moesin, even though it forms a receptor complex with CD46 under the inner leaflet of membranes, may not be directly involved in MV binding.
To obtain conclusive evidence, MV infection studies were performed with moesin-positive and -negative embryonic stem (ES) cells expressing or not expressing human CD46.
MATERIALS AND METHODS
Cells and Abs. CHO cells were obtained from the American Type Culture Collection. Vero cells and MV, a modified Nagahata strain (15, 16) , which underwent four passages in hamster brain, were obtained from the Research Institute for Microbial Diseases, Osaka University. Anti-CD46 MAbs M160 and M177 (39) were prepared as described previously. The MAb against MV-H protein was a kind gift from S. Ueda. A rat anti-mouse moesin MAb, M22 (42), a rat anti-mouse ezrin MAb, M11 (42) , and a mouse anti-chick gizzard radixin MAb, CR22 (36) , which reacted strongly with mouse moesin, were prepared as described previously. Polyclonal Ab (PAb) TK89 was raised in rabbits against synthesized peptides corresponding to the mouse radixin sequence from amino acids 551 to 570, and it reacted with ezrin, radixin, and moesin.
ES cell line J1 (26) was used as the parent strain. Clones 145 and 199 (9), derived from ES cell line J1 in which the moesin gene was disrupted by homologous recombination, were used as moesin-negative cells. Both moesin-positive parent J1 cells and moesin-negative ES cell clones were cultured on gelatincoated tissue culture dishes with high-glucose Dulbecco's modified Eagle's medium (DMEM; GIBCO BRL, Gaithersburg, Md.) supplemented with 20% fetal calf serum (FCS), 0.1 mM 2-mercaptoethanol (Sigma Chemical Co., St. Louis, Mo.), 1,000 U of leukemia inhibitory factor (Amrad Co., Kew, Victoria, Australia) per ml, 0.1 mM nonessential amino acids (ICN Biomedicals Inc., Costa Mesa, Calif.), 3 mM (each) adenosine, cytidine, guanosine, and uridine, and 1 mM thymidine (Sigma) in a humidified atmosphere of 5% CO 2 -95% air at 37°C.
Transfection of CD46 into ES cells. CD46 cDNA (ST c /CYT2 isoform) and its tail-less form (⌬CYT) were constructed as described previously (41) . These cDNAs were ligated into the mammalian expression vector PCXN2 (41) . Vector only-transfected cells were used as a control. ES cells (2 ϫ 10 7 ) were electroporated in HEPES-buffered saline with vectors containing cDNA from CD46 or its tail-less form (20 g ) and 1 g of pGKhph (carrying the hygromycin B phosphotransferase gene with the PGK promoter) at 0.25 kV and 960 F by use of a Gene Pulser (Bio-Rad). The transfected ES cells were maintained for 24 h in the medium described above but containing 0.06% kanamycin, followed by selection with 120 g of hygromycin B (Sigma) per ml. After 12 to 16 days, hygromycin B-resistant colonies were isolated with cloning cylinders and expanded on tissue culture plates. Expression of these gene products was confirmed by flow cytometry with M160 (not shown) and M177 as described below.
Flow cytometry. Transfected cells (10 6 ) were incubated with 2 g of murine anti-human CD46 MAb or nonimmune immunoglobulin G (IgG) for 45 min at 4°C and, after three washes with phosphate-buffered saline (PBS)-2% bovine serum albumin (BSA), stained with 2 g of fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (Cappel, Westchester, Pa.) for 30 min at 4°C (39) . The stained cells were analyzed with FACScan and/or Profile II flow cytometers to assess surface expression of CD46 and its mutants. J1 cells transfected with expression vector only were used as a control.
Reverse transcription (RT)-PCR and immunoblotting. Total RNA was isolated from ES cells according to a standard procedure with guanidium-HCl and acid-phenol-chloroform, and cDNA was synthesized with SuperScriptII RNase H Ϫ reverse transcriptase (GIBCO BRL). Moesin primers (upstream, 5Ј-CTGG AGTTTGCCATTCAGCCC-3Ј; downstream, 5Ј-GAACAGGCGCTGGGTGA TATC-3Ј) were designed to amplify a 261-bp segment. As a control for the presence of amplifiable RNA, hypoxanthine phosphoribosyltransferase (HPRT) primers were designed to amplify a 249-bp segment as previously described (18) . Amplified PCR products were run on an agarose gel (2.0%) and stained with ethidium bromide.
Control ES cells (J1) and moesin knockout ES cell clones cultured on tissue culture dishes were washed with PBS and lysed in an equal volume of 2ϫ SDS sample buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 20% glycerol, 2% 2-mercaptoethanol, 0.01% bromophenol blue). Proteins were separated by SDS-10% polyacrylamide gel electrophoresis by the method of Laemmli (22) . Proteins were electrophoretically transferred from gels to nitrocellulose membranes and incubated with PAb TK89 or a mixture of MAbs M22 and M11. For antibody detection, a blotting detection kit with biotinylated immunoglobulin and streptavidin-alkaline phosphatase conjugate (Amersham International Plc., Buckinghamshire, United Kingdom) was used.
MV binding assay. Cells to be assayed for MV binding were detached from dishes at 80% confluency by the addition of 2 ml of PBS containing 5 mM EDTA. After two washes, aliquots containing 2 ϫ 10 5 cells were incubated for 2 h at room temperature with 2 ml of concentrated MV (10 7 PFU/ml) in DMEM containing 5% FCS. After three washes with DMEM containing 5% FCS, cells were incubated at room temperature for 45 min with 5 g of anti-MV-H protein MAb. After three washes with 10 ml of DMEM, cells were incubated with 5 g of FITC-labeled goat anti-mouse IgG. The levels of MV-H protein in each ES cell clone were assessed by flow cytometry.
Determination of MV infectivity. ES cell clones with or without CD46 or its tail-less mutants were cultured to 70% confluency in 24-well plates (Corning) for 15 h and infected with MV at 250 to 25,000 PFU/well. Simultaneously, plaqueforming assays were performed in some experiments, and the results were confirmed by the correlation between CHO cell syncytium formation and plaque formation (15) . The syncytia formed were counted, and the cytopathic effects of the ES cell transfectants were observed 2 to 4 days postinfection. Cells were photographed under an Olympus microscope.
Virus production was determined as described previously (16) . Briefly, ES cell clones were infected with MV (1,000 or 25,000 PFU/well) for 2 h, extensively washed, and cultured for 6 h. The supernatants were withdrawn, and the wells were washed again to remove free MV. Four days later, we removed the supernatants to determine the MV titers by a standard method with Vero cells.
Confocal analysis. Cells cultured on chamber slides were fixed with 1.5% formaldehyde in PBS for 15 min, treated with 0.2% Triton X-100 in PBS for 10 min, and washed with PBS. After soaking in 1% BSA-PBS for 10 min, the samples were treated with the primary antibodies in 1% BSA-PBS at room temperature for 1 h. As the primary antibodies, rabbit anti-human CD46 Ab and M22 were used for double staining. The samples were washed with 1% BSA-PBS, followed by incubation with the secondary antibodies (rhodamine-conjugated goat anti-rabbit IgG or FITC-conjugated goat anti-rat IgG Abs [Cappel]) in 1% BSA-PBS for 30 min. The samples were washed with PBS and then examined with a confocal laser scanning microscope (Olympus Floview). Colocalized green (FITC) fluorescence and red (rhodamine) fluorescence appeared yellow in the merged images.
RESULTS

Moesin knockout ES cell clones.
To study the role of moesin in MV entry, we used parent ES (J1) cells and two independent moesin knockout ES cell clones, 145 and 199, in which the moesin gene was disrupted by homologous recombination (9) . As the murine moesin gene is located on the X chromosome (47), it could be disrupted by mutation of a single gene. We confirmed that these clones lacked moesin mRNA and moesin protein expression by RT-PCR (Fig. 1a) and immunoblotting (Fig. 1b) , respectively. These clones were morphologically indistinguishable from parent ES cells and showed similar growth rates. The results obtained with these clones were comparable, so differences, if any, were due to moesin loss rather than to clonal variation. Details of the analysis of moesin knockout mice will be presented elsewhere.
MV infection assay. Moesin-positive and -negative ES cells were infected with MV strain Nagahata. Both were highly resistant to MV (Table 1) . Syncytia were formed in these clones to a similar extent regardless of moesin expression at high titers of MV. Accordingly, the MV-H protein was poorly amplified, again independently of the presence of moesin (data not shown). Similar results were obtained with a variety of strains of MV which use CD46 as an entry receptor (35) ( Table  2 ).
The only obvious difference between moesin-positive and -negative cells was in the properties of the syncytia (Fig. 2a ) (clone 199 is not shown). In moesin-negative cells, MV induced the formation of uniquely shaped syncytia in which the balloonlike small fragments were torn apart during spreading. Under the same experimental conditions, no balloonlike shape was observed in cells expressing moesin (Fig. 2a) .
Transfection of CD46. CD46 is a receptor for most laboratory-adapted MV strains. We examined whether moesin serves as a coreceptor for CD46, the complex of which confers high susceptibility to MV on cells. CD46 was transfected into ES cells with or without moesin (Fig. 3a) . Cells expressing similar levels of CD46 were selected by flow cytometry (Fig. 3a) and cloned by limiting dilution. We first examined MV binding to these cells. An MV-H-mediated fluorescence shift was de- a Determined with Vero cells as described in Materials and Methods. b Two doses of MV were used. ES cell clones were infected with MV at 1,000 or 25,000 PFU/well. Plaque-forming activities were not detected in the supernatants of 1,000 PFU-treated samples (data not shown) but were detected in the supernatants of 25,000 PFU-treated samples, as indicated.
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tected with CD46-positive cells (Fig. 3b) , suggesting specific binding of MV to CD46. An MV infection assay was next performed with the clones. An approximately 100-fold-higher sensitivity to MV was observed in the CD46-positive clones than in the CD46-negative clones ( Table 1 ). The degrees of MV sensitivity were almost identical in the CD46-positive clones regardless of moesin expression. The same syncytium shape was observed in CD46 transfectants (Fig. 2b) as in CD46-negative ES cells (Fig. 2a) . MV-H was synthesized and appeared to be colocalized with CD46 in the center of the syncytia regardless of moesin expression (data not shown). Furthermore, with several MV strains in addition to Nagahata, effective virus production could be detected (Table 2 ). Viral amplification therefore proceeded in moesin-negative cells with CD46. These results reinforce the finding that moesin is not a receptor for MV and support the inference that it does not affect the MV receptor function of CD46. Transfection of a tail-less form of CD46. Moesin has been reported to be partially expressed on the cell surface (11, 23) and to form a complex with CD46 in the same cell membrane (37) . However, we could not detect moesin on the surface of CHO cells or the murine or human cell lines tested by flow cytometry with MAbs M22 and CR22 (data not shown). Thus, CD46 may contact moesin through its cytoplasmic domains inside the cells. Indeed, CD46 has an RRKKK sequence beneath the transmembrane domain which may sustain moesin binding, like CD44 and ICAM-2 (50). To rule out the possibility that the association between the cytoplasmic tail of CD46 and moesin plays a role in syncytium formation, particularly the shape of the syncytia, we transfected cDNA encoding a tail-less form of CD46 into moesin-positive cells and examined the syncytia formed. Even the tail-less form of CD46 allowed the formation of normal, nonfragmented syncytia in moesinpositive cells (data not shown), consistent with previous reports (13, 49) . These results indicate that even if the cytoplasmic tail of CD46 is associated with moesin, this association does not affect syncytium formation.
Localization of moesin and CD46 in ES cells. It has been reported that CD46, like moesin, is localized in microvilli in some cell lines (37) , which may facilitate MV infection. Localization profiles for CD46 were compared with those for moesin by use of ES and CHO cells expressing CD46 and moesin. CD46 was distributed in areas of cell-to-cell contact in both ES cells (Fig. 4) and CHO cells (39) . By confocal analysis, moesin was also seen to be predominantly distributed in a pattern similar to that of CD46 (Fig. 4) . Villi were not stained with anti-CD46 Ab but were faintly stained with antimoesin Ab (Fig. 4) . The same was true for CD46-transfected CHO cells (39) . We interpret these results as indicating that moesin is colocalized with CD46 in areas of cell-to-cell contact, although their direct association remains to be conclusively demonstrated. Moesin clustered in microvilli is free from CD46. This distribution profile was observed even with cells expressing the tail-less form of CD46 (data not shown). We initially anticipated that the absence of a cytoplasmic domain which may associate with moesin would cause disordering of the CD46 distribution. CD46, however, retained its predominantly lateral expression pattern even in such mutant transfectants.
DISCUSSION
The following conclusions were drawn from the results of the present study. Murine moesin per se is not a receptor for MV entry. It is localized in areas of cell-to-cell attachment with a distribution profile similar to that of CD46. Moesin appears to affect only the spreading and shape of MV-mediated syncytia.
As direct evidence for these conclusions, high doses of MV induced syncytia in both moesin-positive and -negative ES cells, and the sensitivities to MV of these ES clones were indistinguishable. The sensitivities to MV were increased 100-fold when these ES clones were transfected with CD46. Again, the differences in the MV sensitivities of these transfectants were minimal. In addition, no moesin epitopes were detected on any cells or cell lines by a flow cytometric assay with Abs, consistent with a previous report (8) . Thus, CD46 but not moesin contributed to MV susceptibility in our system. However, we cannot exclude the possibility that human moesin serves as an entry receptor for MV. Whether purified moesin can actually bind to MV, as reported previously (11), should be reexamined.
In a previous report, moesin and CD46 were shown to be MV receptors acting in an additive manner and colocalized in microvilli (37) , a situation that is advantageous for MV attachment and fusion to cells. Our results did not support the lo- calization of these two molecules in microvilli; only moesin was present in villi, and it probably assembled with other adhesion molecules as described previously (44, 45, 50) . The predominantly lateral distribution of CD46 and moesin was confirmed with nonpolarized CHO cells by confocal analysis (data not shown), a result which differs from previous results obtained with polarized cells (4) . Passage of MV strains in nonpolarized cells may have influenced the patterns of entry and release of virus. The lateral distribution of CD46 in ES cells may facilitate the basolateral infectious pathway of MV through the cell membrane.
Which molecule is responsible for the reported MV sensitivity of murine cells is a relevant question. In Vero cells, with a high sensitivity to MV, CD46 is likely to be colocalized extracellularly with CD9 (a tetraspan transmembrane protein which renders cells susceptible to canine distemper virus [27] ), ␣ 3 ␤ 1 integrin (30, 32) , and heparin-binding epidermal growth factor (HB-EGF) (32) and intracellularly with moesin (37). Thus, the clustering of these molecules in areas of cell-to-cell attachment may indicate that they participate in MV entry in conjunction with CD46. Yet, there is no evidence that CD9, ␣ 3 ␤ 1 integrin, or HB-EGF is responsible for the susceptibility of murine cells to MV. Moreover, moesin is a cytoplasmic protein with no receptor function. Hence, at least in murine ES cells, it is possible that unknown molecules, but not moesin, accumulating with these hetero-oligomeric complexes allow for weak MV susceptibility.
It is generally accepted that mice harbor CRRY, which is a functional substitute for CD46, as a complement regulatory protein (14, 25) and that mice harbor no CD46. However, we recently cloned a murine structural analog of CD46 which was predominantly expressed in the testis, although its message was found in almost all tissues to a lesser extent (43) . Although whether the murine CD46 homolog serves as a receptor for MV in murine cells remains to be tested, it would be an alternative candidate as a murine MV receptor.
It is notable that the fragmented syncytial debris was observed in moesin knockout ES cells regardless of the expression of human CD46. There are two points to be made about syncytial debris. First, it can be a vehicle carrying MV and can be spread on cultured monolayers. There are some organs in which the amounts of moesin are relatively low (3, 36) . So, it would be interesting to test whether this infectious pathway exists in vivo. Second, moesin is thought to function as a general cross-linker between the plasma membrane and actin filaments (1, 2, 5, 36, 45, 46) . Thus, in cases of cytoskeletal changes such as syncytium formation, moesin loss may affect syncytium morphology. Further studies on the molecular mechanisms, including signaling, fusion, and cellular responses (17, 21, 38) , whereby these unique syncytia are formed are needed to lead to a better understanding of this virus-derived phenotype.
